Research utility of noninvasive methods for measurement of cardiac output Two noninvasive methods of cardiac index (Q) determination, pulsed Doppler echocardiography (Q), and CO2 rebreathing (Q,02) were compared to dye dilution in eight normal volunteers. Measurements of Q were made by dye dilution (Q,,,,) and the two noninvasive techniques under the following conditions: (1) supine rest, (2) after inflation of cuffs around the thighs, (3) 35-degree head-up tilt, (4) supine rest repeated, (5) during constant isoproterenol infusion, and (6) 
Much progress in our understanding of the physiology of the cardiovascular system and the pathophysiology of its disorders has stemmed from hemodynamic research in human subjects. The accurate determination of cardiac output (Q) has been essential for such studies. Until recently, however, the most reliable methods of Q measurement have required right heart catheterization and arterial cannulation. These invasive techniques are associated with some discomfort and morbidity and are not well suited for repeated measures over periods longer than several hours.
Recent technologic advances in Doppler echocardiography have made possible accurate noninvasive estimates of Q. A number of investigators have demonstrated that Q calculated from Doppler measurements of ascending aortic blood flow in resting patients correlates well with values obtained by thermodilution.'
Others have shown the usefulness of the Doppler technique in estimating Q changes in response to vasodilators and inotropic agents."
This study was undertaken to further evaluate the ability of Doppler ultrasonography to measure serial changes in Q in human laboratory subjects. In addition, we compared the accuracy of this technique to that of CO, rebreathing, a noninvasive means of Q measurement used previously in our laboratory. In contrast to the Fick and dye-dilution methods, in which Q is measured directly, Doppler ultrasonography measures stroke volume (SV); Q is then calculated as a function of heart rate (HR). Validation of the Doppler method then requires demonstration that it is capable of quantitating changes in Q that are independent of HR alterations. For this reason our study was performed in subjects who underwent a series of maneuvers designed to produce a variety of Q and HR changes. Specifically, with isoproterenol we increased both Q and HR; with tilt we decreased Q but increased HR; with propranolol both Q and HR were decreased; and finally with thigh cuff inflation we decreased Q without altering HR. After each intervention, Q was measured by both noninvasive techniques and the results were compared to dye-dilution determinations.
419
420 Hinderliter et al. Spectral images were recorded on dry silver paper and were analyzed by a method similar to that described by Elkayam The diameter was measured from a standard 2-D longaxis parasternal view at a point just distal to the sinus of Valsalva. Images were frozen during systole (on the peak of the T wave), and measurements were made with electronic calipers using an inner-to-inner wall convention. The CSA used in calculating Q values for each patient was the arithmetic mean of three separate determinations. It was assumed that the dimensions of the ascending aorta remained constant through- of the ECG were recorded on the thermal recorder. Dye curves were calibrated by the addition of known quantities of dye to aliquots of blood that were drawn through the densitometer.
Data analysis. Regression and correlation analyses were used to compare Q values obtained from the noninvasive Doppler and rebreathing methods, with Q values obtained from the dye-dilution method for both individual and group measurements. Sample size estimates were calculated by solving (for what amounts to the smallest) N given the difference between the means and SDs of these differences and setting the a and errors at a specified level (a = 0.05; 3 = 0.2).12
RESULTS
Technically satisfactory rebreathing studies and Doppler flow tracings were obtained in all eight patients. Table I lists the mean HR and Q values obtained by the three methods under each condition. Strong correlations were obtained between dye-dilution and both the Doppler (r = 0.99) and CO, rebreathing (r =-0.97) methods, as illustrated in Fig. 1 . The slightly weaker correlation with rebreathing was the result of significant overestimates of Q by this technique during head-up tilt; when the tilt values were not considered, r = 0.99. Doppler values were, on average, slightly greater than those determined by dye dilution. In contrast, Q was somewhat underestimated in the supine position by the rebreathing method. As illustrated in Table II 
DISCUSSION
Q can be measured accurately by invasive techniques such as indicator dilution or thermodilution. Since these methods are associated with some discomfort and morbidity, however, their usefulness in experimental medicine has been limited to laboratory studies in relatively small numbers of patients. In view of the importance of Q assessment in studies of human physiology and clinical pharmacology, a reliable noninvasive method of measuring this parameter would be a valuable investigational tool.
This study was designed to compare the accuracy of CO, rebreathing and Doppler ultrasonography in assessing acute hemodynamic changes in human laboratory subjects. As illustrated in Table I , the physiologic and pharmacologic interventions we employed resulted in a wide range of hemodynamic alterations. Infusion of isoproterenol and propranolol resulted in changes in Q that paralleled those in HR, head-up tilt induced an increase in HR but a fall in Q, and thigh cuff inflation produced in a decrease in Q with a minimal alteration of HR.
Our results demonstrate that close correlations between indicator dilution and noninvasive measurements of Q can be attained. When mean Q values were calculated for each condition in our study, close agreement was observed between dye dilution and both noninvasive techniques. However, rebreathing measurements made in the tilt position were considerably higher than expected, probably because of alterations of the physiologic dead space and ventilation-perfusion relationships produced by postural changes 20.21 In theory, Doppler ultrasonography should be particularly well suited to evaluating changes in Q in individual patients. The results with CO2 rebreathing were less satisfactory. Although relative changes in response to cuff inflation, isoproterenol, and propranolol were accurately quantitated by this method for the group as a whole, significant error was often observed in individual measurements.
The principal objective of this study was to assess the utility of different methods of Q measurement in clinical research. Since noninvasive techniques involve less risk and discomfort than dye dilution or Fick measurements, they generally meet with greater acceptance by human subjects. To be useful in experimental work, however, these methods must be capable of demonstrating, with statistical confidence, changes in Q in a small group of patients. In our experience, comparable sample sizes were required for the Doppler and dyedilution methods to establish Q alterations in response to physiologic and pharmacologic maneuvers. With CO, rebreathing, however, larger groups were required to prove a change with three of the four interventions. Several features of our methodology and study population affect the applicability of these results. Our measurements were performed in healthy, cooperative young men at rest, and factors influencing the ease of Doppler measurements in other subjects might adversely affect the precision of Q determinations. Doppler estimates of aortic flow are technically difficult in moving patients, for example, and for this reason CO, rebreathing may be a more accurate method of assessing the response of Q to exercise. In addition, we cannot exclude the possibility that propranolol and isoproterenol caused regional changes in the ventilation/perfusion ratio, resulting in rebreathing measurement errors that would not be seen with agents having no effect on 
